In an initial attempt to characterise single-spore isolates from Metarhizium anisopliae wild-type strain V275, three genetically identical spontaneous pr1A-and pr1B-deficient mutants were detected. These mutants were identified by Nested-PCR amplification and verified by Southern hybridisation. Sequencing and comparison of the highly conserved sequences of 28S rDNA domains 9^11 confirmed that the mutant isolates were Metarhizium anisopliae, but each had both morphological and genetic differences from the wild-type parent. RAPD analyses indicated that the overall genetic similarity between wild-type strain and the mutant was less than 70%. Enzyme assays proved that the mutant isolates had significantly lower Pr1 and elastase activities. Bioassays showed reduced lethal activity of the mutants (20%) on Tenebrio molitor, but lethal activities were similar to those of the wild-type parent on the larvae of Galleria mellonella. This paper shows for the first time that a stable mutant strain lacking the most important pr1 genes is still able to infect its respective hosts. Our observations suggest that it is not uncommon for Metarhizium anisopliae to lose its virulence genes during maintenance on artificial medium. ß
Introduction
Like most fungal pathogens, the insect pathogenic fungus, Metarhizium anisopliae, uses a combination of enzymes and mechanical force to penetrate the host cuticle and access the nutrient-rich haemolymph. One of the most important cuticle-degrading enzymes is the subtilisin-like Pr1 [1] , which was found to increase signi¢cantly the virulence of the transformant when added in multiple copies [2] . Four isoforms of Pr1 were separated from M. anisopliae strain ME1 by isoelectric focusing and characterised according to substrate speci¢city [3] . Among them, Pr1A and Pr1B have some di¡erences at their active sites that may a¡ect catalytic ability [4] . Restriction fragment length polymorphisms of pr1 genes of M. anisopliae reveal di¡er-ent levels of intraspeci¢c variations [5, 6] .
In this paper we describe the detection and characterisation of a spontaneous deletion mutant of M. anisopliae that appears to have lost part of its genome including the virulence genes pr1A and pr1B, which is not unusual in ¢lamentous fungi [7] , and possibly the presence of dispensable chromosomes or portions of chromosomes as well, as detected in plant pathogenic fungi [8, 9] . This paper is the ¢rst to show that a stable mutant strain lacking the most important pr1 genes is still able to infect its respective hosts albeit with reduced virulence.
Materials and methods

Preparation and maintenance of cultures
The conidial suspension of M. anisopliae V275 was diluted to 100 conidia ml 31 and 0.1 ml applied to the surface of potato dextrose agar (PDA, Difco, Detroit, MI, USA). The inoculum was spread uniformly over the agar surface and the culture incubated at 25 ‡C for 2 days in the dark. Single-spore colonies were taken at random and transferred to fresh PDA plates. After growth for 2 weeks, distinctly di¡erent phenotype cultures were found and se-lected for further studies. These consisted of cultures which produced copious aerial cotton-like mycelium with light brown conidia (S1), non-pigmented (white) conidia (S3, S5, S6) and normal wild-type cultures with dense mycelium and dark green to brown-green conidia (S2, S4, S7, S8). In addition, a V-shaped sector (Sec) produced by one of the wild-type single-spore isolates (S7) was introduced into the molecular detection as well because it produced sparse, slightly pigmented to non-pigmented £u¡y aerial mycelium with white conidia.
Detection of the pr1 genes
Genomic DNA was extracted according to the procedure of Mo « ller et al. [10] . Nested-PCR ampli¢cations of the pr1A gene were performed by using two primer pairs as described before [5] . The primers for pr1B gene were designed according to the cDNA sequence reported by Joshi et al. [4] . The outer primer pair was TGCC-AACATCGGACAAGACA (Pr1B1) and CATGGA-CGACCCCGAAAGAG (Pr1B2) and the inner pair was AGCGTTCCCGGCAGTTACCATT (Pr1B3) and CC-CGGCGCAAAAATATCAAC (Pr1B4). The 25 Wl reaction bu¡er contained 0.2 mM of each dNTP, 0.4 units of Diamond DNA polymerase (Promega, Madison, WI, USA) and 10^20 ng of DNA template. PCR was conducted in a PTC-200 thermal cycler (MJ Research) using block control.
Southern hybridisation of mutant and wild-type DNA was performed by standard protocols [11] . Genomic DNA (20 Wg) was digested with EcoRI. The pr1A and pr1B probes generated by Nested-PCR were puri¢ed in Microcon PCR ¢lter tubes (Millipore) and radiolabelled with [K-32 P]dCTP using a random primer kit (RadPrime DNA Labelling System, Life Technologies) according to the manufacturer's instructions.
Molecular characterisation of mutant and wild-type strains
To disclose possible major genomic changes between di¡erent phenotype isolates and verify that we had no contaminants, two approaches were employed : (1) RAPD-PCR and (2) sequencing of partial 28S rDNA.
RAPD-PCR was carried out using nine primers, OPA-03, AGTCAGCCAC ; OPA-08, GTGACGTAGG ; OPA-11, CAATCGCCGT ; OPA-13, CAGCACCCAC; OPB-04, GGACTGGAGT ; OPB-07, GGTGACGCAG; OPB-10, CTGCTGGGAC ; OPE-01, CCCAAGGTCC ; and OPE-04, GTGACATGCC (Operon, UK).
The highly conserved region of 28S rDNA domains 91 1 was ampli¢ed with primer pair E24 (GCTGAATTAC-CATTGCGGAGAGG) and I29 (CTGCCCAGTGCTCT-GAATGTC), which correspond to positions 5240^5218 (E24), and 4418^4438 (I29) according to the complete rDNA sequence of M. anisopliae (GenBank accession number AF218207). The ampli¢ed products from the parent strain and the mutant (S3) were puri¢ed as described above. Forward and reverse primers were used for automatic sequencing analysis with a LI-COR system (MWGBiotech, Ebersberg, Germany).
Enzyme assays
To con¢rm the deletions of the pr1 genes, induction and enzyme activity assays were conducted. Pr1, Pr2 (trypsinlike) and elastase-like activities were assayed according to the methods reported by St Leger et al. [3] . Non-speci¢c protease activity was assayed using substrate Azocoll [12] . The total protein concentration was determined using the Bio-Rad protein assay kit according to the manufacturer's instructions. The di¡erence between each sample was compared by Ducann's ANOVA analysis.
Bioassays against waxmoth and mealworm larvae
The parent strain together with the selected cultures was assayed against 6th instar larvae of the waxmoth (Galleria mellonella), and last instar larvae of the mealworm (Tenebrio molitor). Thirty insects of each were immersed for 15 s in 15^20 ml of a conidial spore suspension (10 7 conidia ml 31 ) and the excess liquid absorbed by ¢lter paper. Control insects were treated with 0.05% Tween-80 solution only. There were three replicates and the whole experiment repeated two times. The mortality of G. mellonella and T. molitor was recorded 3 and 4 days post-inoculation, respectively.
Results
pr1 gene de¢ciency
Careful single-spore isolation showed that distinct colony phenotypes could be recovered from M. anisopliae wild-type strain V275. Mutant isolates could be readily recognised from the parent culture because they possessed small (3.6 þ 0.2U1.5 þ 0.1 Wm), oval and white conidia, while those of parental wild-type were larger (5.9 þ 0.3U2.0 þ 0.1 Wm), cylindrical and dark green in colour. Nested-PCR of the protease genes examined showed that the products of pr1A (c. 1300 bp), and pr1B (c. 950 bp) were present in all parental-like strains and the V-shaped sector, but not in the mutant isolates (S3, S5, S6) (Fig.  1a,b) . Results were identical even at non-stringent PCR ampli¢cation conditions. Radiolabelled pr1A and pr1B probes hybridised with DNA derived from the parent strain but not the mutant isolates (Fig. 1c,d) . The genede¢cient isolates were all found to be identical in genotype and phenotype even when examined after ¢ve generations of subculturing. As a result, they were designated as mutants.
Strain characterisation and con¢rmation
All OPA primers used for RAPD analyses showed different PCR product pro¢les between parent and mutant isolates (data not shown). The calculated similarity between them was less than 70%. The aerial cotton-like mycelial isolate S1 and the V-shaped sector had the same pro¢les as the parental-like isolates.
The highly conserved 28S rDNA D9^D11 sequences of the parent strain and the mutant (S3) were registered in GenBank with accession numbers AY094067 and AY094068 respectively. They had 99.39% similarity with each other and sequence alignment revealed that three polymorphic sites existed between them due to two CCT and one TCC transitions in the mutant (Fig. 2) . The BLAST search indicated that the 822-bp sequence (AY094068) of the mutant had high similarity with M. anisopliae 28S rDNA sequences AF218207 (99.03%, 814/822), which proved that the mutant was not an artifact.
Enzyme activities
Mutant isolates and the sector exhibited low elastase and Pr1 activities, whereas the wild-type parent exhibited high activities for both enzymes (Table 1) . However, there were no signi¢cant di¡erences between wild-type strains, sector and mutants as regards Pr2 and non-speci¢c protease activities (Table 1) . Protein assays showed that similar amounts of protein were present in culture ¢ltrates for all cultures.
Virulence
Conidia from the wild-type strain were highly virulent for G. mellonella and T. molitor causing approximately 100% mortality 3 and 4 days post-inoculation, respectively. The same doses of inocula from mutant isolates were signi¢cantly less virulent to T. molitor, although they caused similar rates of mortalities as the parent strain to G. mellonella (Fig. 3) . Inocula from aerial mycelial (S1) and sector (Sec) colonies gave similar results as the mutants (Fig. 3) .
Discussion
The parasexual cycle is the main alternative for asexual fungi to legitimately exchange genetic material, and this has been demonstrated for the entomopathogen, M. anisopliae [13, 14] . Single-spore isolation and successive subculturing of the wild-type culture of M. anisopliae, strain V275, led to the discovery of mutants with distinctive morphological, biochemical and genetic characteristics. The fact that all conidia from these mutant colonies had a uniform spore size, in contrast with the parent strain which had large conidia, strongly suggests aneuploidisa- tion processes in M. anisopliae, i.e. one of the steps of the parasexual cycle. Moreover, the presence of new genotypes indicated that mitotic recombination events had occurred. Similar events, and especially loss of pigmentation and di¡erent enzyme pro¢les compared with the parents, have been previously observed to be the result of parasexual recombination in phytopathogenic fungi (e.g. [15, 16] ). However, as shown by Southern hybridisation blots, the pr1A and pr1B genes were completely deleted from the genome of the mutants, which suggests that parasexual recombination alone would not su⁄ce to explain the loss of these genes.
Conditional dispensable chromosomes, or B chromosomes, have been observed for many species of plants and animals [17] , but until recently were not known in fungi. The ability to separate intact fungal chromosomes has led to the striking discovery that most species exhibit chromosome-length even-number polymorphisms [8, 9] . These polymorphisms have been observed both in sexual and asexual fungi, and most likely result from both mitotic and meiotic processes. Additionally, dispensable chromosomes have been found in Nectria haematococca, where genes for detoxifying the pea phytoalexin pisatin (pda) and chickpea phytoalexins medicarpin and maackiain (mak1) are located [18, 19] . In a similar manner, convincing evidence for the presence of pathogenicity genes on dispensable chromosomes or dispensable portions of chromosomes have been presented for such plant pathogenic fungi as Cochliobolus heterotrophus [20] , Cochliobolus carbonum [21] , Colletotrichum gloeosporoides [22] and Alternaria alternata [23] . As abundant chromosome-length polymorphisms and loss of chromosome segments have been reported for the entomopathogen Tolypocladium in£atum [24] , it seems likely that a similar mechanism may be postulated for the generation of pr1-de¢cient mutants detected in the present work. Should that be the case, and in light of the fact that plant pathogenicity genes are located on dispensable chromosomes or portions of chromosomes, such a phenomenon could not only have signi¢cant evolutionary implications for the origin of pathogenicity genes, but it will also increase chances to identify and isolate such genes in the future. The underlying mechanism will also help to explain why there are high levels of chromosomelength and number di¡erences between di¡erent strains of M. anisopliae [4, 25] and as well as in other entomopathogenic fungi [26^28] .
It is very interesting to note that our continuing studies have revealed that when the previous genetically parentallike V-shaped sector was successively subcultured, DNA from the 5th generation onwards gave both the same RAPD pro¢les (data not shown) and 28S rDNA D9D 11 sequence (see GenBank registration AY094069) as the mutant isolates. In addition, the mutant-type isolates were later repeatedly recovered from strain V275 as well as from another M. anisopliae strain 687 (data not shown). The mutant of strain 687 has not only shown to lack virulence genes; but the spore shape and size, and the sequence of domains 9^11 of the 28S rDNA (AY094071) were also similar to the V275 mutant. These observations suggest that it is not uncommon for M. anisopliae to lose its virulence genes during maintenance on arti¢cial medium. Further studies have been undertaken to uncover the underlying mechanisms of mutation and rearrangements of genomic DNA in the mutants. ; averages labelled with the same letter have no di¡erence (capital, P 6 0.01; lower case, P 6 0.05). Fig. 3 . Total mortality of G. mellonella and T. molitor caused by di¡er-ent isolates.
